Fibreoptic Endoscopic Evaluation of Swallowing (FEES) and Videofluoroscopic Swallow Studies (VFSS) are instrumental assessments of dysphagia which provide videos of the internal structures of swallowing. They are commonly regarded as 'gold-standard' assessments; however, there is no consensus regarding a gold-standard measure to analyse the video recordings that they produce. Measures require sound psychometric properties to be suitable for clinical or research purposes. To date, no review of psychometric properties of FEES and VFSS measures has been undertaken or formally reported. This review assessed the quality of the psychometric properties of visuoperceptual measures of FEES and VFSS. Electronic databases were searched for studies reporting on psychometric qualities of visuoperceptual measures which are used to analyse recordings from FEES and VFSS. All dates until February 2017 were included. The Consensus-based Standards for the selection of health Measurement Instruments (COSMIN) checklist was used to evaluate the methodical quality of studies. The measures' overall quality was then assessed by combining COSMIN ratings with quality criteria. Forty-five studies, reporting on 39 measures, met the inclusion criteria for this review. Data about the measures' psychometric properties were very limited. Twenty-one measures had information available about reliability only, while 18 had information on up to five of the possible nine psychometric properties categorised within the COSMIN framework. The majority of the FEES and VFSS measures' psychometric properties were rated as 'indeterminate' overall, due to the small number of studies, issues with design, statistical analyses, and reporting practices of extant studies. There is insufficient evidence to recommend any individual measure included in this review as valid and reliable to interpret VFSS and FEES recordings. Further research, which utilises robust methodological design and reporting, is needed to examine the psychometric properties of measures for FEES and VFSS.
Introduction
Dysphagia is associated with many common conditions, including premature birth, developmental disabilities, head and neck cancer, neurodegenerative diseases, acquired brain injury, and stroke [1] [2] [3] [4] . It occurs across a range of settings and regions; in the Netherlands, prevalence in the general population has been reported to be as high as 12.1% [5] . In a 1-year period, approximately 9.5 million adults in the United States reported a swallowing problem [6] . A British study reported up to 1 in 9 communitydwelling older adults are impacted by dysphagia [7] , while South Korean research found an incidence of 52.7% among older adults in nursing homes [8] . Up to 30% of acutely hospitalised patients may be affected by dysphagia [9] , and nearly a quarter of infants who undergo open-heart surgery have dysphagia symptoms [10] . In addition to malnutrition, dehydration, and choking, dysphagia may also cause acute lung infection, known as aspiration pneumonia. Aspiration pneumonia is the result of material from the oral, pharyngeal or gastric regions entering the lungs [11] and is a strong independent predictor of mortality at 30 days post admission compared to community and hospital-acquired pneumonias. Among patients with aspiration pneumonia, median length of stay in hospital is increased by 8.5 days [12] . Dysphagia has also been found to profoundly affect quality of life [13, 14] . For example, difficulty swallowing can cause frustration, anxiety and embarrassment during mealtimes, especially at special social events where eating should be pleasurable [15] .
These issues underscore the need for high-quality assessment practices where dysphagia is concerned. Dysphagia assessment typically first takes place at the home, clinic or at the bedside, where clinicians gather patient history and concerns, and use non-invasive testing to assess nerve and muscle function to establish the pattern of impairment [16] . However, these assessments have limitations in terms of the breadth and accuracy of information they are able to provide. Since swallowing is an internal process, 'bedside' or clinical assessment does not have the ability to directly observe the structures and physiology involved. Further, some authors have suggested that clinical assessments are insufficient to diagnose aspiration, or make adequate recommendations for care in certain populations [17, 18] . Therefore, the patient may require an 'instrumental assessment'.
An instrumental assessment of dysphagia refers to the use of specialist imaging or measurement equipment to investigate the internal mechanisms involved in the swallow. Two are widely considered 'gold-standards': the Videofluoroscopic Swallow Study (VFSS) and the Fibreoptic Endoscopic Evaluation of Swallowing (FEES) [19] . The VFSS is the longest-standing instrumental assessment of dysphagia [20] . It uses fluoroscopy, a continuous X-ray, to produce a greyscale 'movie' of the oropharynx and oesophagus during the swallowing act. Patients swallow radio-opaque boluses, while the video is recorded for later analysis; a typical VFSS procedure often results in ten or more individual videos of swallow acts [21] . Although developed more recently than the VFSS, the FEES has become a well-established instrumental examination [19] . FEES utilises a flexible nasopharyngo-laryngoscope, passed trans-nasally into the pharynx [22] . The patient's swallows are recorded in colour videos and, like the VFSS, an assessment is made of management of secretions, food and fluid boluses; the ability to perform swallow manoeuvres; the presence of any structural abnormalities; and the impact of the dysphagia on swallowing safety.
This interpretation of recordings produced by VFSS and FEES typically involves the dysphagia clinician viewing the recordings several times and making subjective judgements, which are based on the visuoperceptual features of the images they perceive to be significant. This means that although the FEES and VFSS are frequently referred to as 'objective' assessments, their interpretation is subjective, as there is currently no consensus of standardised criteria to evaluate swallow features [23, 24] . One method to overcome this limitation is the use of a measure to interpret video recordings. Measures for FEES and VFSS are typically 'visuoperceptual'. That is, they ascribe ratings to visuoperceptual variables-aspects of the recording which can be interpreted through vision and hearing. These include temporal (perceived duration or timeliness of an event), spatial (perceived location of an event with reference to anatomy, or the size and scale of a clinically relevant indicator), volume (amount of bolus or secretions involved), and patient response variables (such as coughing or choking). In the field of VFSS and FEES, one commonly used example is the penetration-aspiration scale (PAS) [25] . This is an eight-point ordinal rating scale, which provides descriptors of penetration and aspiration visualised in VFSS or FEES. Raters select the score they perceive as correlating most closely with patients' performance (e.g. '5: Contrast material contacts the vocal folds but is not ejected').
Although a number of such measures have been reported in the literature, to date there has been no comprehensive systematic review of the FEES and VFSS measures available, and their psychometric properties. Comparison across studies, between groups, and repeated measures are limited where measures with questionable psychometric properties are used; further, diagnosis and decisions about patient care may be compromised.
In an initiative to evaluate the quality of the psychometric properties of measures commonly used to analyse VFSS, McCullough et al. [26] reviewed the following: the inter-and intra-rater reliability of the PAS, four measures of duration of swallow events, and nine measures of oropharyngeal function. The authors found that the PAS's intra-rater reliability had better scores than its inter-rater reliability and suggested the inter-reliability of these measures may be unacceptable; they also noted that experienced clinicians had more consistent scores. Frowen et al. [23] examined the psychometric properties of the Bethlehem Assessment Scale (BAS) and ratings of presence/absence of twelve features of swallowing impairments in VFSS. The authors concluded the psychometric properties of these VFSS measures appeared to vary dependent on bolus texture and questioned if the psychometric properties of the VFSS measures were appropriate for use in clinical and research settings. These studies, while representing a promising start, are insufficient to capture the current state of psychometric soundness of VFSS and FEES measures. Further investigation is required.
The COnsensus-based Standards for the selection of health Measurement INstruments (COSMIN) checklist [27] provides a taxonomy, based on international consensus, for the assessment of the quality of studies which examine psychometric properties of measures of aspects of health status or health-related quality of life. Under this taxonomy, methodological quality of studies examining reliability, validity, and responsiveness may be examined. To date, this taxonomy has not been applied to studies of measures of VFSS and FEES. The COSMIN has been widely applied to comparable measures; as of June 2014, 560 reviews had been published in PubMed or Embase which had applied the COSMIN to examine measures of health issues such as delirium, limb function, reflux, spinal injury, and sedation [28] .
Although the VFSS and FEES are widely considered 'gold-standard' assessments of dysphagia, there are no universally accepted 'gold-standard' measures to interpret them. There is a need for a systematic review of visuoperceptual measures of FEES and VFSS and their psychometric properties, based in the COSMIN taxonomy, to establish the current state of measures available and lay groundwork for further investigation of their psychometric properties.
Study Aim
There is a lack of comprehensive guidance in the literature regarding measure options for analysis of the FEES and VFSS and their psychometric qualities. Therefore, this study has three aims: (1) to identify visuoperceptual measures which analyse recordings of human swallowing from VFSS and FEES; (2) to assess both the methodological quality of studies reporting on such measures and the quality of the psychometric properties of these measures, and (3) to synthesise this information to indicate current state of knowledge about the psychometric soundness of visuoperceptual measures of VFSS and FEES. This systematic review focuses on measures that were published in English and which assess visuoperceptual aspects of recordings of VFSS and FEES. It is anticipated that this review will assist in the choice of sound measures to analyse VFSS and FEES by providing an objective account of the psychometric strengths and weaknesses of such measures.
Method
Methodology and reporting of this systematic review was guided by the PRISMA statement. The PRISMA statement is a 27-item checklist required in the transparent reporting of systematic reviews [29] . See Supplementary Table 2 for the completed PRISMA checklist for this review.
Eligibility Criteria
Studies eligible for inclusion were published research articles which described the psychometric properties of at least one visuoperceptual measure used to analyse VFSS and/or FEES. To be included, studies were required to involve humans of any age, visuoperceptual measure/s which analysed data from VFSS or FEES, report on the reliability and/or validity of the visuoperceptual measure, and be published in English. Studies where measure/s required special software, such as computer programmes which calculate spatial or volume information using pixels, were excluded as the authors aimed to focus on measures most likely to be used in clinical practice. Although there are several software programmes available to assist analysis, which offer a more objective interpretation of VFSS and FEES [30] , they are often limited in terms of clinical use due to the considerable time required to use them [20] . VFSS and FEES clinics typically see multiple patients consecutively, due to limited availability of the equipment and various clinical staff required [31] , making routine use of potentially time-consuming software impractical.
Each instrument was evaluated for reliability and validity according to the COSMIN taxonomy of measurement properties and definitions for health-related patientreported outcomes [32] . However, responsiveness, the ability of a measure to assess change over time, was considered to be outside the scope of this review. Interpretability, the extent to which qualitative meaning can be ascribed to a measure's quantitative scores or change in scores, was also not considered as this is not regarded as a psychometric property within the COSMIN framework.
Studies which reported only on psychometric properties other than reliability or validity (including responsiveness, interpretability, and/or predictive value), which were published in language other than English, were conference or review papers or unpublished doctoral theses, or where the full scale was unable to be located, were excluded.
Information Sources
A systematic literature search was conducted between 27/01/17 and 10/02/2017 by author Speyer using four electronic databases: CINAHL, Embase, Medline, and 
Study Selection
All abstracts were reviewed by the first author to determine (a) if the study involved human swallowing, (b) if an instrumental assessment of swallowing and an associated visuoperceptual measure reporting on the analysis of data arising from the instrumental assessment was present, and (c) if the study reported on the psychometric properties of the measure. A random sample of 40% of abstracts was selected, using an electronic random allocator (www.ran dom.org) and was reviewed by a second independent reviewer to establish inter-rater reliability. Abstracts that did not meet two or more of the criteria were excluded from the study. Abstracts which did not meet one of the criteria were discussed by reviewers until consensus was met. Author Speyer was consulted where consensus could not be reached. Inter-rater reliability was assessed using a quadratic weighting scheme and deemed excellent: Weighted Kappa = 0.895 (95% CI 0.877-0.913). Full texts of acceptable abstracts were retrieved and reviewed, with a 40% random selection evaluated by an independent second reviewer. Full texts were likewise excluded if they did not meet criteria (see Fig. 2 ). There was 100% consensus between reviewers.
Data Collection Process and Data Extraction
Measures fell into two categories: (1) measures with studies which provided information on inter-and intra-rater reliability only, and (2) measures with studies which reported on multiple psychometric properties or properties other than inter-and intra-rater reliability. Data extracted from studies of measures in the first category were organised under the following descriptive headers: measure, reference, study on psychometrics, aspects evaluated by the measure, summed scores and subscales, total number of items, response options, and the 'domain of variables' assessed by each measure. This final heading was included as it was noted the variables assessed by measures aligned with four broad domains: spatial (e.g. depth of penetration of bolus, range of hyoid movement, spread of secretions), temporal (e.g. time taken for pharyngeal swallow to initiate, time taken to complete oral phase), volume (e.g. amount of residue from boluses, amount of secretions present), and patient response (e.g. no protective airway reflex in response to aspiration).
Measures with studies reporting on more than one psychometric property (e.g. inter-rater reliability and content validity) or properties other than inter-and intra-rater reliability also had information extracted under the above categories, with additional data on study purpose and population included, given these studies more comprehensive reporting. Data extracted from these studies were guided by the Cochrane Handbook for Systematic Reviews [33, Sect. 7 .3a] and the Systematic Reviews Centre for Reviews and Dissemination [34] .
Methodological Quality
The methodological quality of the included studies was assessed using the COSMIN taxonomy of measurement properties and definitions for health-related patient-reported outcomes [32, 35] . The COSMIN checklist is a standardised instrument which encompasses nine domains: internal consistency, reliability (including test-retest reliability, inter-rater reliability, and intra-rater reliability), measurement error, content validity (including face validity), structural validity, hypothesis testing, cross-cultural validity, criterion validity, and responsiveness [32] . Refer to Table 1 for the definitions of all psychometric properties as defined by the COSMIN statement [35] . Criterion validity was not evaluated due to the absence of a 'goldstandard' measure for FEES and VFSS. Responsiveness was beyond the scope of this review; further, although interpretability is recognised within the COSMIN framework, it is not considered a psychometric property and was therefore not assessed. Cross-cultural validity was also not evaluated as all measures reviewed were published in English; however, where the original measure was developed in a language other than English, quality of translation process was assessed.
Each domain of the COSMIN checklist includes five to 18 items assessing various aspects of study design and statistical analyses. A four-point rating scale designed by Terwee et al. [36] enables an overall methodological quality score to be obtained for each measure, ranging from poor to excellent. Although Terwee et al. [36] recommends making the final quality rating the equivalent of lowest rating of any item in the domain, this makes analysis of subtle differences difficult. Therefore, a revised scoring system was applied and presented as a percentage: Poor (0-25%), Fair (25.1-50.0%), Good (50.1-75%), and Excellent (75.1-100%), as per Cordier et al. [37] . As some COSMIN checklist items only have an option to rate the item as 'Good' or 'Excellent', the total score for each psychometric property was calculated After the methodological quality of studies was assessed, those psychometrics properties which received ratings of 'Excellent', 'Good', and 'Fair' were evaluated using modified criteria by Terwee et al. [36] and Schellingerhout et al. [38] , which assesses the quality of these psychometric properties. Studies that received a 'Poor' COSMIN rating were excluded from further analysis, as results arising from studies using flawed methodology were considered unreliable. Table 2 summarises the criteria used for rating the quality of content validity, structural validity, hypothesis testing, internal consistency, reliability, and measurement error. Finally, each psychometric property for each measure was given an overall score using criteria set out by Schellingerhout [38] . An overall quality rating was created by combining the study methodological quality scores measured by COSMIN and the psychometric quality ratings as measured by Terwee et al. [36] and Schellingerhout [38] ; refer to Table 3 . This is consistent with methodology utilised in previous psychometric reviews [39, 40] . Refer to 
Data Items, Risk of Bias, and Synthesis of Results
Six of the nine COSMIN domains of psychometric properties of each measure were rated from the included publications, with criterion validity, responsiveness, and crosscultural validity excluded. Where an examination of a particular measurement property was not reported in a publication, or not described with enough detail to be rated, this was scored as 'not reported' (NR). Risk of bias was addressed by (a) the use of the COSMIN checklist, an internationally recognised standard for rating study quality of psychometric studies; (b) the use of pre-established The degree to which instrument (items) appear to be an adequate reflection of the construct to be measured
Construct validity
The extent to which the scores of an instrument are consistent with hypotheses, based on the assumption that the instrument is a valid measure of the construct being measured The degree to which the performance of items on a translated or culturally adapted measure are an adequate reflection of the performance of the items in the original version
Criterion validity
The degree to which the scores of an instrument satisfactorily reflect a 'gold standard'
Reliability
The degree to which the measurement is free from measurement error
Internal consistency The level of correlation among items
The proportion of total variance in the measurements due to ''true'' differences among patients
Measurement error
The error of a patient's score, systematic and random, not attributed to true changes in the construct measured
Responsiveness
The capability of an HR-PRO instrument to detect change in the construct to be measured over time Interpretability is not considered a psychometric property 
Results

Systematic Literature Search
A total of 2,090 abstracts were retrieved from database searches, including duplicates. Abstracts per database were CINAHL = 108, Embase = 298, Medline = 255, Indeterminate only indeterminate outcome data on the assessment measurement property (score: '?') and therefore also indeterminate level of evidence for the overall quality of that measurement property
Methodological quality assessment using the COSMIN checklist: studies reporting on psychometric properties of visuoperceptual evaluation of VFSS and/or FEES Table 7 Quality of measurement properties per study rated, based on the quality criteria by Terwee et al. (36) and Schellingerhout et al. (38) Table 8 Overall quality score per measurement property per assessment based on the levels of evidence by Schellingerhout et al. (38) ; step 1 and 2 combined Table 9 Studies rated 'Poor' in step one excluded from further analysis. Marked 'Not evaluated' (NE)
Step One methodological quality assessment
Step Two psychometric quality assessment
Step Three overall quality assessment Table 4 Methodological quality assessment of studies reporting on reliability only (COSMIN [27] , quality of reliability per study (criteria by Terwee et al. [36] and Schellingerhout et al. [38] ), and overall quality score for reliability per measure (Schellingerhout et al. [38] ) Figure 2 illustrates the reviewing process according to PRISMA and details reasons for exclusion of abstracts and full texts.
Included Measures
Due to the limited information available about their psychometric properties, measures where information is available solely on inter-and intra-rater reliability are presented separately (Table 4 ) from the measures with information about multiple psychometric properties or properties other than inter-and intra-rater reliability (Tables 5, 6 ). These were collated separately, as measures with known psychometric properties for reliability and validity are likely to be more relevant to the clinician or researcher. [47, 55] . None of the measures utilised summed scores or subscales; all were composed of one or more single variables. With the exception of Gosa et al. [49] , all studies recruited adult populations only. Overall, the majority of measures (16 of 21; [41-50, 53, 55, 56, 58, 60, 61] ) were created by the authors of the same study which reported on their psychometrics. Measures were considered to have been created by the authors when (1) authors reported selecting the measure's variables from the literature without reference to an earlier measure utilising these variables, and/or (2) the authors indicated the measure was created at their facility or for the purposes of their study.
Across both FEES and VFSS measures, the most commonly used response options were nominal scales (n = 10) [41, 43-45, 47-49, 53, 60, 61] and ordinal scales with associated descriptors at each level (n = 9; e.g. secretion colour: clear, white, brown, yellow, or bloody' or '0 = no pooling, 1 = filling of \ 50% of the valleculae, 2 = filling of [ 50% of valleculae) [42, 45-47, 49, 57-60] . Other options included dichotomous scales (n = 6; e.g. aspiration present: yes/no) [43, 49-51, 54, 55] and open-ended response options [48, 54, 56, 62] , where raters recorded their judgements of continuous variables, such as time taken to complete a swallow phase (n = 4). The number of items utilised in FEES measures ranged from one to 16 Items the list of variables the measure seeks to assess, such as oral transit time or pyriform residue. A single item may attempt to assess multiple features of the variable (e.g. the item 'severity of aspiration' may assess volume of aspirate, spatial distance of aspirate, time when aspiration occurred, and patient's response to aspiration event) b COSMIN quality score the quality of the studies that evaluated the psychometric properties of each instrument was evaluated according to the COSMIN rating per item: four-point scale was used (1 = Poor, 2 = Fair, 3 = Good, 4 = Excellent). The overall methodological quality per study was presented as percentage of rating (Poor = 0-25.0%, Fair = 25.1-50.0%, Good = 50.1-75.0%, Excellent = 75.1-100.0%), NR not reported Quality of psychometric properties based on the criteria by Terwee et al. [36] and Schellingerhout [38] (see Table 3 )
Overall quality score combined COSMIN methodological quality and Terwee et al. [36] and Schellingerhout [38] (see Table 4) c Measure likely created in language other than English attempted to contact all authors; no information available on translation process, with the exception of Pilz et al. [42] Pilz et al. [42] reported the measure was originally created in Dutch, and then subsequently translated to English using a professional translator. Translation process score according to COSMIN: 33.33% (Fair) Nominal scales which are modified by decision trees to produce to a 'grade' ranging from 0 (nil issues) to 4 (life-threatening); e.g.
Nominal scales which are modified by decision trees to produce to a 'grade ' ranging from 0 (nil issues) to 4 (lifethreatening); e .g. (mean = 4.4). VFSS measures used a greater range, from one to 23 (mean = 8.3). In total, 14 measures used less items than the mean for their respective instrumental assessment; of these, eight received overall positive scores [41, 44, 46, 50, 53, 56, 58, 62] . In contrast, seven measures [26, 45, 47, 49, 60, 63] used more items than the mean and only one received a positive score for reliability overall [59] . It should also be noted that two studies reported reliability for two different protocols (green coloured boluses vs. white) and diagnoses (aspiration or dysphagia) [41, 53] ; both scored positive for reliability overall in only one protocol or diagnosis (green bolus and dysphagia, respectively). Table 5 describes the characteristics of the 18 measures with known multiple psychometric properties or properties other than reliability only. Seven measures pertained to FEES only [23, [64] [65] [66] [67] [68] and eight measures analysed VFSS only [21, 23, [69] [70] [71] [72] [73] [74] ; three measures pertained to both FEES and VFSS [25, 75, 76] . This resulted in 10 measures for FEES and 11 measures for VFSS.
FEES measures most commonly evaluated amount or colour of secretions/residue (n = 10) [64] [65] [66] [67] [68] [75] [76] [77] . Two measures assessed penetration/aspiration [25, 75] , with patient response to airway invasion assessed by three measures [25, 65, 67] . Two measures utilised a summed score or subscales to formulate overall ratings: P-Score [77] and the BRACS [66] . The remainder did not use summed scores/subscales. Among measures of VFSS, the most commonly analysed variables were pharyngeal residue (n = 9) [23, [69] [70] [71] [72] [73] [74] [75] [76] [70, 71, 73] . Similar to the measures that reported on inter-/intra-rater reliability only (Table 4) , oesophagus function was the most rarely included variable, with only one measure including analysis of the oesophageal phase swallow [73] . Consistent with FEES measures, VFSS 
Farneti et al. [79] Assess inter-and intra-rater reliability of the P-score Murray et al. [67] Develop a scale to determine severity of secretions in hypopharynx to assist prediction of aspiration from instrumental assessment Butler et al. [84] Determine if PAS scores differ across bolus types (milks, water) and bolus size or delivery method
Healthy participants (N = 14)
No history of dysphagia, speech or voice disorders, pulmonary or neurologic diseases or structural disorders.
Butler et al. [83] Determine reliability of the PAS as a function of clinician experience measures also rarely utilised subscales or summed scores. A total of three measures included summed overall scores [FDS [70] , VDS [71] , Single variable-residue (location), [74] ], while two utilised subscales [MBSImp [73] and DIGEST [72] ]. Among measures of FEES, total number of items ranged from one to 16 (mean = 3.7). The number of items utilised in VFSS measures was slightly higher, ranging from one to 17 (mean = 6.5). Response options in FEES measures were most commonly ordinal (n = 8) [25, [64] [65] [66] [67] [68] and ranged from 3-to 8-point scales. Two measures used nominal response scales [75, 77] . Conversely, nominal scales were more common among VFSS measures (n = 6) [21, 70-72, 74, 75] . They used a range of criterion such as volume/severity descriptors (e.g. 'absent, trace/minimal, moderate/maximal, unable to visualise' or 'none, \ 10%, 10-50%, [ 50%'). Ordinal scales (n = 3) ranging from 2-to 8-points [25, 69, 73] , dichotomous scales (n = 3), and continuous response options such as time (n = 2) were used less frequently in VFSS [21, 69] . Two measures used multiple types of these response options [21, 69] . Table 6 synthesises information from the 27 studies which examined the 18 measures with multiple psychometric data/data other than reliability only. The majority of measures had their psychometrics investigated by only one study (n = 13) [21, 23, 64-66, 68-70, 72, 74-76] . All but one study examined adult populations; one included children and adults [64] . Age varied widely, from 10 to 100 years (mean = 61.4 years; SD = 7.7). Aetiology was similarly varied, and included acquired neurological conditions, neurodegenerative diseases, head and neck cancers, pulmonary and cardiac conditions, and trauma (acquired brain injury, burns, non-specific traumas). The most common diagnostic groups were stroke (n = 22 studies) [21, 23, 25, 26, 64- Table 4 summarises the quality ratings of 21 measures where information is available about inter-and or intrarater reliability only. According to COSMIN ratings, three studies had 'Poor' methodological quality [49, 62, 63] , which resulted in the relevant reliability type for that study NR not reported, RE reported elsewhere being excluded from further analysis). Eleven studies had 'Fair' [26, 41, 43, 44, 46, 48, 49, 55, 58, 60, 77] , thirteen 'Good' [23, 26, 42, 44-47, 50, 51, 53, 56, 61, 62] , and one 'Excellent' [42] . The overall quality ratings, based on Terwee et al. [36] and Schellingerhout et al. [38] , resulted in two measures with moderate negative ratings [47, 53] , two with limited negative [41, 60] , two indeterminate [43, 49] , five with limited positive [41, 44, 46, 58, 59] , four with moderate positive scores [50, 53, 56, 62] , and seven with conflicting ratings [42, 45, 48, 51, 54, 55, 61] . Table 7 describes the methodology quality ratings of studies (as determined by COSMIN) which report on more than one psychometric property, or properties other than solely inter-/intra-rater reliability. Among these studies, reliability continues to remain the most common psychometric property reported on (n = 24) [21, 23, 25, 41, 50, 54, 64-66, 68-70, 72, 73, 75, 78-80, 82-85] , followed by hypothesis testing (n = 19) [21, 23, 64, 66, 68, 70, 72-76, 81, 85, 86] . In addition, one study reported on internal consistency [66] , 12 on content validity [25, 64-69, 71-73, 77] , and two on structural validity [66, 73] . No studies described measurement error. Measures which utilised only one item could not be assessed for internal consistency; this property is marked not applicable (N/A) for these studies [21, 25, 41, 50, 54, 64, 67, 69, 74, 76, 78, [82] [83] [84] [85] . Although all studies were published in English, it is likely two measures were developed in another language [65, 76] . Authors were contacted to clarify the translation process and quality of the translation process to English was assessed, using the COSMIN ratings of cross-cultural validity. Table footnotes provide further description of these measures. The ratings of the quality of studies varied considerably across psychometric properties. Study quality for structural validity ranged from good to excellent, while content validity, internal consistency, and reliability ranged from poor to excellent. Hypothesis testing results ranged from poor to fair. Properties of measures which received a 'poor' rating in study quality (n = 4) [54, 69, 73, 76] were excluded from analysis of psychometric property quality (Table 9) . Table 8 provides a summary of the quality of psychometric properties based on Terwee et al. [36] and Schellingerhout et al. [38] criteria. Finally, Table 9 summarises of the overall quality ratings per psychometric property of nine FEES measures and nine VFSS measures, as evaluated by Schellingerhout et al. [38] criteria; this combines Table 7 's COSMIN methodological quality scores with the quality criteria in Table 8 . One measure, the PAS [25] , assessed both FEES and VFSS; as such, the results were reported separately as it had different psychometric properties for FEES and VFSS. The notes section of Table 9 describes the criteria used to rate the overall psychometric quality. Reliability was the most commonly (n = 14) assessed psychometric property [21, 23, 25, 64-68, 70-72, 75, 77] , followed by hypothesis testing (n = 13) [21, 23, 25, 64, [66] [67] [68] [70] [71] [72] [73] [74] and content validity (n = 12) [25, 64-67, 69, 71-73, 77] . Structural validity was analysed twice [66, 73] and one study reported on internal consistency [66] . Up to five psychometric properties were reported on per measure, with a mode of three per measure. Only eight measures were found to have one or more properties with positive evidence of psychometric soundness [64-66, 68, 70-72, 77] . Four measures had conflicting evidence [21, 25, 72] ; these were due to scores on reliability analyses being below the quality cutoff score for ICC or weighted Kappa \ 0.7 in one study but meeting the minimum required cut-off score ([ 0.7) in another study, where both studies displayed adequate design. One measure had limited negative evidence [71] . The most frequent finding was indeterminate (n = 27). Overall, information about psychometric properties was very limited, with no measures emerging as strong over a range of properties.
Psychometric Properties
Discussion
The purpose of this review was to identify visuoperceptual measures for analysing the 'gold-standard' instrumental assessments of dysphagia, FEES and VFSS, and to evaluate the psychometric robustness of these measures. Comprehensive assessment of dysphagia often involves instrumental assessment; however, the images which are produced through these assessments are not meaningful in and of themselves. They must be interpreted by the dysphagia clinician in a manner which is accurate, consistent, and appropriate to purpose to guide diagnosis and management. This systematic review identified 39 visuoperceptual measures from 45 research articles that are used by researchers and practitioners to interpret the FEES and VFSS recordings. The COSMIN checklist [27] , which appraises the quality of studies, was used in combination with quality criteria of the psychometric properties as described by Terwee et al. [36] and Schellingerhout et al. [38] . Evaluation using the COSMIN taxonomy enabled a standardised and thorough approach to the examination of the quality of psychometrics of these measures [27, 32] . This systematic review therefore provides a comprehensive summary of the quality of psychometric properties of visuoperceptual measures which are currently available for VFSS and FEES.
Psychometric Quality of Measures Overall
A total of 18 measures reported on more than one psychometric property [21, 23, 25, [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] 77] , or properties other than reliability only, while 21 measures had studies which reported solely on inter-/intra-rater reliability (Table 4) [23, 26, 41-51, 53, 56, 58, 60, 62, 63, 82] . Data about the psychometric properties of the 18 measures were found on internal consistency, reliability, content validity, structural validity, and hypothesis testing. Information was most frequently available on reliability (intra and interrater), content validity, and hypothesis testing; only two measures reported data on structural validity [66, 73] , and one on internal consistency [66] (Tables 7, 8, 9 ). Where information is lacking on internal consistency and structural validity, it cannot be assumed the items within the measure are all manifestations of the underlying construct and that the scores of the measure reflect the dimensionality of the construct. For example, the Videofluoroscopic Dysphagia scale [71] features 14 components that sum together to create a total score. This measure's structural validity is unknown; this means the measure may not be unidimensional, and thus makes the use of the total score questionable. No studies reported on the property 'measurement error'. Measurement error assess whether changes in scores are related to true change in the construct of interest, or to other random factors. Inadequate information on this property means it cannot be assumed that alteration in a patient's scores indicate improving or worsening swallow function versus changes other related factors.
The most common overall result across all of the assessed psychometric properties was 'indeterminate' (64%) ( Table 9 ). 'Indeterminate' indicates neither positive nor negative findings; it is a marker that further information or research is required. 'Indeterminate' ratings were particularly common in hypothesis testing; all 13 measures that reported on hypothesis testing received 'indeterminate' ratings [21, 23, 25, 64, [66] [67] [68] [70] [71] [72] [73] [74] . Hypothesis testing examines the relationship of the measure compared to other measures, or difference between groups. COSMIN standards state specific hypotheses should be formulated a priori, with expected direction and magnitude of The quality of the studies that evaluated the psychometric properties of each measure was evaluated according to the COSMIN rating per item: four-point scale was used (1 = Poor, 2 = Fair, 3 = Good, 4 = Excellent). The overall methodological quality per study was presented as percentage of rating (Poor = 0-25.0%, Fair = 25.1%-50.0%, Good = 50.1%-75.0%, Excellent = 75.1%-100.0%)
Measures which utilised only one item were unable to be assessed for internal consistency; this property is marked not applicable (N/A) for these studies [32] . An example would be: 'We expect x-measure of residue to correlate positively with y-measure of residue (r [ 0.70)'. None of the studies clearly formulated their hypotheses a priori and stated expected direction and magnitude of correlations. This issue with reporting and research formulation resulted in the high rates of 'indeterminate' overall scores. It should also be noted that according to the COSMIN taxonomy, recruitment of more than 100 participants is recommended to explore internal consistency, reliability, measurement error, and hypothesis testing. The median number of participants included in the data set indicates most studies used sample sizes that were less than ideal (Table 6 ). Where validation studies use a limited sample size, the accuracy of their conclusions and the generalisability of results to the wider population is questionable. Content validity was another psychometric property with high rates of 'indeterminate' findings (Table 9) . Content validity is the relevance and comprehensiveness of items within a measure. To establish adequate content validity, it is recommended that experts should judge the relevance of the items. Comprehensiveness of items should be established by providing a clear theoretical foundation for the item selection. Assessment should also be completed of whether all relevant aspects of a construct are subsumed within the measure [32] . The content validity ratings of measures included in this review were negatively affected by one or all of the following short-comings: lack of reference to expert groups (e.g. lack of use of the Delphi technique to establish expert consensus), lack of clear description of the experts involved in the formulation of the measure, lack of clear description of the target population and concepts that are being measures, and, in some cases, the absence of any reference to literature to explain the selection of items used in the conceptualisation of the measure. For example, the development of Secretion Severity Scale [67] involved an insufficient number and range of experts. The literature was reviewed, but this process was not described, nor was the interview with experts. Description of how concepts were operationalised was also lacking. Deficiencies in establishing and reporting on content validity have significant clinical implications; it is unclear what such measures are in fact measuring. The measure may be unfit for particular clinical purposes or populations, or the entire measures may be problematic and unsuitable for use. In addition to common 'indeterminate' Omari et al. [74] 
Quality criteria (38) : ? positive rating, ? indeterminate rating, -negative rating, ± conflicting data, NR not reported, NE not evaluated (study of poor methodological quality according to COSMIN rating-data are excluded from further analyses) (75) results, 'limited' strength of evidence was also a frequent finding (17%) [64-66, 70, 71, 77] . This was the result of the low number of psychometric properties investigated per study for each measure; most measures (31 of the 39 measures) had only one study which investigating a very limited range of psychometric properties. This suggests more research of adequate design and methodological quality is required to report on these psychometric properties.
Measure Design and Characteristics
Predominantly, measures of VFSS examined pharyngeal residue, penetration/aspiration, timing of pharyngeal initiation, oral and pharyngeal phase duration, and laryngeal/ hyoid elevation. FEES measure most commonly included variables related to residue, penetration/aspiration, and secretions (Table 5 ). This is likely a reflection of seminal works on the use and analysis of the FEES and VFSS [52, 87] , and the importance of aspiration as a predictor of aspiration pneumonia and chronic dysphagia [88, 89] .
None of the studies described how response options were designed or decisions on the number of items were made. Measure design may have had an impact on the quality of psychometric properties; the analysis of overall scores of measures with solely reliability data revealed that use of fewer items appeared to correspond with positive overall scores. It was also noted VFSS measures on average used three more items than FEES measures, and the upper range of items used was higher (23 for VFSS vs. 16 for FEES). VFSS measures generally used nominal scales, while FEES measures used ordinal scales. Of note, VFSS measures scored less positively overall compared with FEES measures; the greater complexity of response options and number of items may have affected in this outcome.
Among the 18 measures which reported on psychometric properties other than solely reliability (Tables 5, 6 , 7, 8, 9), only seven utilised subscales and/or summed scores [66, [70] [71] [72] [73] [74] 77] . Use of composite scores allows examinations of dimensions (inter-related variables) and comparison between constructs; measures which do not use subscales or summed scores may be less comprehensive than those that do. Across all studies included in this review, only four utilised paediatric populations [49, 64, 74, 77] (Table 6 ). This highlights an urgent need for studies which explore of the psychometrics of visuoperceptual measures of FEES and VFSS that are used in paediatric populations.
Theoretical Models
Classical Test Theory (CTT) was the underlying theoretical model used in all studies included in this review; none of studies used item response theory (IRT). CTT makes assumptions of item equivalence and of standard error of measurement [90] . These assumptions may impact ordinal and nominal scales; for example, the assumption that a grade of '3' in a 5-point scale is an exact mid-point of severity may be inaccurate. Grades within scales may in fact carry different weights. In addition, a significant limitation of CTT is its relatively weak theoretical assumptions and circular dependency, specifically, (a) that the person statistic (i.e. observed score) is item sample dependent; and (b) the item statistics are examinee/person sample dependent. This poses some difficulties in CTT's application in some measurement situations [91] . IRT was developed in response to some of the limitations of CTT. IRT also has limitations; it is a complex model which requires much larger samples of participants and items compared to CTT [92] . Although the COSMIN taxonomy does not specify superiority of either model, IRT methods are increasingly being utilised for the development of assessments within fields such as psychology and have numerous reported advantages over CTT only methods [93, 94] . It is beyond the scope of this review to conduct an in-depth discussion of the theoretical statistical frameworks utilised by measures in this study; however, it is suggested further investigation is needed to examine reasons for the lack of IRT methods in measures of VFSS and FEES, and the relative strengths and appropriateness of the models to this field.
Psychometric Properties of Measures with Relative Strength of Evidence
The available information on all measure's psychometric properties was extremely limited (Table 9) . Therefore, although some measures appear to have stronger evidence in relation to others, this is based on a very small data pool. Of the measures where data were available, the measures for FEES which scored the strongest levels of evidence overall were the Boston Residue and Clearance Scale (BRACS) [66] and the Dysphagia score [65] ; BRACS had limited positive evidence for reliability and moderate positive for structural validity, while the Dysphagia score had limited positive evidence of reliability and content validity. As information about only two measurement properties was available, information on measure quality, while indicating relative strength, should be considered incomplete. The BRACS received scores of indeterminate for internal consistency, content validity, and hypothesis testing categories due to a small sample size, unclear description of item and concept selection, and lack of a priori hypotheses, respectively. The measure would benefit from further research utilising a larger sample size ([ 100) and addressing these reporting issues. Measurement error should also be investigated. The Dysphagia score would benefit from further research investigating intra-rater reliability, more detailed reporting of how construct validity was ensured, and assessment to determine if all items are relevant to the constructs being measured. The psychometric properties of internal consistency, measurement error, structural validity, and hypothesis testing should be investigated in future research.
In terms of VFSS analysis, the Dynamic Imaging Grade of Swallow Toxicity (DIGEST) [72] had the highest rated evidence overall, with strong positive evidence for content validity. An indeterminate score was recorded in hypothesis testing due to lack of a priori hypotheses, and conflicting reliability was found due to strong intra-rater reliability but weak inter-rater reliability (weighted K \ 0.70). The DIGEST would benefit from further research investigating its psychometrics, specifically internal consistency, measurement error, and structural validity. As with the FEES measures, although the DIGEST exhibits relative strength of evidence, there are significant gaps in data on its psychometrics and its ranking as a 'stronger' measure has noteworthy caveats.
No other measures with multiple known psychometrics in VFSS had moderate levels of evidence in any psychometric property. Of the measures with reliability data only, an unnamed 'presence/absence of aspiration' dichotomous scale [50] , an unnamed scale of temporal and spatial variables [62] , and an unnamed scale of temporal variables [56] had moderate positive evidence of reliability. However, positive findings in reliability do not mean the measure has appropriate validity; further assessment of these measures is required.
Overall, even though some measures of FEES and VFSS recordings had higher levels of evidence of psychometric quality compared with other measures, the findings are based on very limited information about psychometric qualities and limited numbers of studies on psychometric properties. This lack of data is striking, given the ubiquitous use of instrumental assessment in dysphagia research and clinical management. Overall, significantly more research is needed on the psychometric properties of measures.
Limitations
Although every effort was taken to ensure the scientific rigour of this systematic review, there were a number of limitations that should be acknowledged. Articles included in this review are limited to studies that were found based on the search strategies as described in Supplementary  Table 1 , and hand-searching references of accepted articles. It should be noted the authors of this review did not contact authors of the studies included in this review for missing data; consequently, some information may not have been included. Further, evaluating the qualities of criterion validity and responsiveness was not attempted in this review. Criterion validity was not attempted as there is no acknowledged gold-standard measure to use as a benchmark. Inclusion of responsiveness would have necessitated analysis of all studies which utilise visuoperceptual outcome measures, which would have made the size of this review unmanageable. However, it is acknowledged that responsiveness is an important psychometric property which would benefit from detailed review in the future.
Conclusion
Accurate assessment and diagnosis of the pathology of swallowing impairments using instrumental assessments is an important part of practice for most clinicians and researchers working within the field of dysphagia. Therefore, it is important that the measures which analyse the data these instruments generate are psychometrically sound. This review assessed the reliability and validity of visuoperceptual measures for FEES and VFSS. In the context of significant gaps in the evidence regarding psychometric quality for all measures, it was concluded the BRACS, Dysphagia score, and the DIGEST had indications of adequate evidence for some psychometrics properties. Notably, even though these measures show relative promise, their psychometric quality and the quality of all measures retrieved overall were relatively weak. In addition, no measure had complete information about all of its psychometric properties available. This is likely related to the lack of studies on the psychometrics of measures and the narrow range of properties investigated within these studies. Most measures were examined in one study only, which did not comprehensively assess all psychometric properties.
The findings from this systematic review have direct clinical implications. These measures represent the options available for clinical practice; however, very little is known about their properties. This means their validity, and hence suitability for use in practice and research settings, may be limited or questionable. Overall, there is insufficient evidence to recommend any individual measure included in this review as valid and reliable to interpret VFSS and FEES generated recordings. Further research is required to investigate the psychometric properties of the measures that have not been evaluated to date. This review highlights the need for studies reporting on the psychometrics of visuoperceptual measures for FEES and VFSS which utilise more robust psychometric methodological designs, including using adequate sample sizes and appropriate statistical analyses, and which adopt appropriate study designs and reporting practices.
